The effect of Phlebiopsis gigantea treatment in control of Heterobasidion parviporum in Norway spruce is less effective than that in control of Heterobasidion annosum in pine. It is necessary to apply other fungi, for example, Pleurotus abieticola in Norway spruce stands. Thus, it is necessary to assess the activity of major ligninolytic enzymes, that is, laccase, lignin peroxidase (LiP), manganese peroxidase (MnP) and versatile peroxidase (VP) produced by P. abieticola, which may be effective in the fast degradation of Norway spruce wood. Three strains of P. abieticola (Pa1-3) were grown on pieces of Norway spruce sapwood and heartwood for 50 days in laboratory conditions. Enzymatic activity was determined using spectrophotometry. Pleurotus abieticola produced laccase, LiP, MnP and VP. The activity of laccase was low, ranging 0-3.696 and 0-0.806 mU/μg of protein in sapwood and heartwood, respectively. The highest activity in Pa1 = 3.696 mU/μg of protein in sapwood and in Pa3 = 0.806 mU/μg of protein in heartwood was observed after 30 and 50 days of incubation, respectively. The activity of LiP was also low, ranging 0-0.188 and 0-0.271 mU/μg of protein in sapwood and heartwood, respectively. The highest activity in Pa1 = 0.271 mU/μg of protein in sapwood and in Pa2 = 0.188 mU/μg of protein in heartwood was observed after 40 and 20 days of incubation, respectively. The activity of MnP ranged 0-17.618 and 0-12.203 mU/μg of protein in sapwood and heartwood, respectively. This enzymatic activity peaked at the 50th day of culture on sapwood for the Pa3 strain (17.618 mU/μg of protein) and at the 20th day of culture on heartwood for the Pa1 strain (12.203 mU/μg of protein). The activity of VP with manganese-oxidising properties was found to be high in all strains of P. abieticola, ranging 0-39.19 and 0-59.153 mU/μg of protein in sapwood and heartwood, respectively, whereas the activity of VP with guaiacol-oxidising properties was very low for all P. abieticola strains, ranging 0-0.248 and 0-0.225 mU/μg of protein in sapwood and heartwood, respectively. The values of released hydroxyphenols in P. abieticola strains ranged 24. 915-139.766 and 25.19-84.562 µg of protocatechuic acid/ml in sapwood and heartwood, respectively. The values of released methoxyphenols for the evaluated strains of P. abieticola ranged 7.225-23.789 and 1.953-20.651 µg of vanillic acid/ml in sapwood and heartwood, respectively. Further studies with a higher number of strains of this species as well as an optimisation of conditions for the measurement of ligninolytic activity are needed.
enzyme system that enables successful degradation of lignin and various aromatic compounds in wood (Cohen et al. 2002; Stajić et al. 2004; Camassola et al. 2013) .
Extremely rare P. abieticola has been first described from Far East Russia (Petersen and Hughes 1997) and then reported from China (Albertó et al. 2002; Li et al. 2014; Liu et al. 2015) . It can grow on Norway spruce, fir, alder (Alnus) and willow (Salix). In Poland, it has been found in the Białowieża Primeval Forest on Norway spruce (Gierczyk et al. 2015a (Gierczyk et al. , 2018 .
The aim of this study was to assess the ligninolytic activity of P. abieticola strains growing on Norway spruce wood blocks of sapwood and heartwood under laboratory conditions. The results will contribute to the better understanding of metabolic processes of the fungus before its potential application for the control of Heterobasidion.
MAterIAL AnD MethODS
Three strains of P. abieticola (Pa1, Pa2 and Pa3) obtained from basidiospores collected from basidiomata found on the stem of three Norway spruces in the Białowieża Primeval Forest were used in the study. Basidiospores were placed on 2% malt extract agar (MEA) in Petri dishes. Spores were germinated and mycelium grew at 24°C in darkness. After 21 days, the 2-cm diameter discs with mycelium were transferred to sterile 2% MEA in Petri dishes and incubated at 24°C in darkness for another 21 days. Then, the sterile Norway spruce wood pieces of sapwood and heartwood (80 mm × 40 mm × 4 mm) were placed on P. abieticola mycelium and incubated at 28°C in 12/12 hours day/night rhythm for 50 days. The enzymatic activity was analysed in the surface layer of wood covered by mycelium of P. abieticola. Samples were collected after 10, 20, 30, 40, and 50 days. Both sapwood and heartwood were ground together and enzyme broth was extracted. Enzyme activities were measured spectrophotometrically (three measurements) in supernatant after centrifuging (6,000 rpm. for 5 min at 4ºC). The amount of enzyme necessary to oxidise 1 μmol of substrate per minute was defined as one activity unit. All activities were expressed in units of specific activity (mU/μg of protein). The activity of laccase was determined with syringaldazine as a substrate (Leonowicz and Grzywno-wicz 1981) . The activities of lignin peroxidase (LiP) and manganese peroxidase (MnP) were determined using the method of Wariishi et al. (1992) and Tien and Kirk (1988) modified by Matuszewska (2005) , respectively.
The activity of versatile peroxidase (VP) in the oxidation of manganese ions and guaiacol was assayed using the method of Sugano et al. (2006) . Concentrations of methoxyphenolic and hydroxyphenolic substances were evaluated using diazosulphanilamide in the DASA test (Leonowicz et al. 1968 ) modified by Malarczyk (1984) . Detailed methodology is presented in publications of Żółciak et al. (2008; 2012) and Żółciak and Bohacz (2016) .
The data on the enzymatic activity were analysed using the Kruskal-Wallis and Mann-Whitney U tests. Statistical analyses were performed using Statistica 10 (StatSoft, Inc.).
reSULtS
Three strains of P. abieticola (Pa1, Pa2, Pa3) whilst growing on both sapwood and heartwood of Norway spruce produced lignin-modifying enzymes, that is, laccase, LiP, MnP and VP (oxidising both manganese ions and guaiacol). During the degradation process, hydroxyphenolic and methoxyphenolic substances were released.
The activity of laccase was low, ranging 0-3.696 and 0-0.806 mU/μg of protein in sapwood and heartwood, respectively. The highest activity in Pa1 = 3.696 mU/μg of protein in sapwood and in Pa3 = 0.806 mU/μg of protein in heartwood were recorded after 30 and 50 days of incubation, respectively. More often, no activity was observed in heartwood than in sapwood, particularly in case of Pa1 (Tab. 1). The activity of laccase in three P. abieticola strains and at five periods of incubation (after 10, 20, 30, 40 and 50 days) did not differ significantly. Only the median laccase activity in sapwood and heartwood was significantly different (Fig. 1) .
The activity of LiP was also low, ranging 0-0.188 and 0-0.271 mU/μg of protein in sapwood and heartwood, respectively (Tab. 1). The highest activity in Pa1 = 0.271 mU/μg of protein in sapwood and in Pa2 = 0.188 mU/μg of protein in heartwood were recorded after 40 and 20 days of incubation, respectively. The activity of LiP in Pa1 and Pa3 was significantly different ( Fig. 2A) . The median LiP activity in sapwood and heartwood and at five periods of incubation (after 10, 20, 30, 40 and 50 days) was not significantly different ( Fig. 2A ). The activity of MnP ranged from 0 to 17.618 mU/μg of protein in cultures on sapwood and from 0 to 12.203 mU/μg of protein in cultures on heartwood (Tab. 1). The enzymatic activity peaked at the 50th day of culture on sapwood for the Pa3 strain (17.618 mU/μg of protein) and at the 20th day of culture on heartwood for the Pa1 strain (12.203 mU/μg of protein). Strains of P. abieticola Pa1 and Pa3 exhibited MnP activity in cultures on both sapwood and heartwood. In the case of Pa2, no manganese activity was noticed. Significant differences were observed between the P. abieticola strains Pa1 and Pa2 and Pa2 and Pa3 in values of MnP activity (Fig. 2B ). On the other hand, no statistically significant differences were observed between the medians of MnP activity in sapwood and heartwood as well as in samples evaluated after days of culture of P. abieticola.
The activity of VP with manganese-oxidising properties was found to be high in all strains of P. abieticola, ranging 0-39.190 and 0-59.153 mU/μg of protein in sapwood and in heartwood, respectively (Tab. 1). The highest activity of the enzyme was observed for the Pa3 strain (39.19 mU/μg of protein) at the 30th day of culture on sapwood and for the Pa1 strain (59.153 mU/μg of protein) at the 40th day of culture on heartwood. Significant differences were observed between the P. abieticola strains Pa1 and Pa2 and Pa2 and Pa3 in values of MnP activity (Fig. 2C ). The activity of VP manganese-oxidising properties did not differ significantly amongst cultures of P. gigantea strains on sapwood and heartwood or amongst the time periods of strain culture.
The activity of VP with guaiacol-oxidising properties was very low for all P. abieticola strains, ranging 0-0.248 and 0-0.225 mU/μg of protein in sapwood and in heartwood, respectively (Tab. 1). The activity of the enzyme peaked for the Pa3 strain (0.248 mU/μg of protein) at the 10th day of culture on sapwood and for the Pa1 strain (0.225 mU/μg of protein) at the 40th day of culture on heartwood. The activity of guaiacol-oxidising VP did not differ significantly amongst the P. abieticola strains as well as the P. abieticola strains grown on sapwood and heartwood, but statistically significant differences in activity were determined amongst samples evaluated after the 10th and the 50th day of culture (Fig. 2D) . The values of released hydroxyphenols in the P. abieticola strains ranged from 24.915 to 139.766 µg of protocatechuic acid/ml in cultures on sapwood and from 25.19 to 84.562 µg of protocatechuic acid/ml in cultures on heartwood (Tab. 1). The highest value of released hydroxyphenols was observed for the Pa1 strain on the 30th day of culture on sapwood (139.766 µg of protocatechuic acid/ml) and on the 20th day of culture on heartwood (84.562 µg of protocatechuic acid/ml). Significant differences were observed between the P. abieticola strains Pa1 and Pa2 and Pa2 and Pa3 in values of released hydroxyphenols ( Fig. 2E ) as well as between samples evaluated after the 20th and the 50th days of culture of P. abieticola mycelium (Fig. 2F ). No significant difference between strains of P. abieticola grown on sapwood and heartwood was noticed.
The values of released methoxyphenols for the evaluated strains of P. abieticola ranged from 7.225 to 23.789 µg of vanillic acid/ml in cultures on sapwood and from 1.953 to 20.651 µg of vanillic acid/ml in cultures on heartwood (Tab. 1). The highest values of methoxyphenols were reported for the Pa1 strain at the 30th day of culture on sapwood (23.789 µg of vanillic acid/ ml) and for Pa3 at the 20th day of culture on heartwood (20.651 µg of vanillic acid/ml). Statistically significant differences in the values of released methoxyphenols were observed between the P. abieticola strains Pa1 and Pa2, and Pa2 and Pa3 (Fig. 2G) as well as in samples evaluated after the 20th and the 40th, the 20th and 50th days of mycelium culture (Fig. 2H ). No significant difference between strains of P. abieticola grown on sapwood and heartwood was noticed.
DIScUSSIOn
According to Kamitsuji et al. (2004) , Pleurotus spp. has been recognised to produce extracellular ligninolytic enzymes such as laccase and MnP. Stajić et al. (2006) showed that laccase and peroxidases production depends on the species and strains of the genus Pleurotus, condition of cultivation and carbon and nitrogen sources and concentrations. In this study, P. abieticola, similar to P. ostreatus, secreted laccase and three types of peroxidases, that is, LiP, MnP and VP (Leonowicz et al. 1999; Elisashvili et al. 2003; Baldrian et al. 2005; Hoegger et al. 2007 ).
The results obtained may indicate that P. abieticola belongs to groups that produce small amounts of laccase (Bollag and Leonowicz 1984; Baldrian, 2005) .
In the present study, the activity of laccase was determined by the oxidation of syringaldazine (Harkin and Obst 1973; Leonowicz and Grzywnowicz 1981) , but there are also other methods that may be tested for P. abieticola in future studies, for example, laccase production can be stimulated by the presence of a wide variety of inducing substances, particularly aromatic or phenolic compounds (Farnet et al. 1999) , anilines (Fåhraeus et al. 1958; Bollag and Leonowicz 1984) or 2,5-xylidine (Fåhraeus and Reinhammar 1967; Rogalski and Leonowicz 1992; Agematu et al. 1993 ). According to Baldrian and Gabriel (2002) , copper and cadmium increase the activity of laccase in P. ostreatus. Stajić et al. (2013) demonstrated a stimulatory effect of the microelements (Fe, Zn and Se) on the activity of laccase in P. ostreatus.
Pleurotus abieticola strains showed a very low ligninase activity. This does not seem to be related to the method of measurement as in the case of laccase. The enzymatic activity of ligninase was measured by the increase in absorbance at 310 nm under the oxidation of veratryl alcohol (Wong 2009 ). According to Hammel et al. (1993) , veratryl alcohol enhances the action of LiP on many substrates, including lignin (Lundell et al. 1993; Schoemaker et al. 1994) , by acting as a mediator (Harvey et al. 1986) or by protecting the enzyme against inactivation (Wariishi and Gold 1989) . Guaiacol, acetosyringone, catechol, vanillyl alcohol and syringic acid are other phenolics susceptible to the oxidative potentials of LiP (Harvey and Palmer 1990; Wong 2009 ). According to Baciocchi et al. (2001) , besides the oxidation of non-phenolic substrates, LiP has also shown the capability to oxidise a variety of phenolic compounds.
In this study, the activity of MnP was not so high for the tested P. abieticola strains (except for Pa2 -no activity was noticed). Martinez et al. (1996) reported that the secretion of MnP enzymes by different whiterot fungi is strongly dependent on growth conditions. Manganese peroxidase production was observed in P. eryngii (DC.) Quél., P. ostreatus, P. pulmonarius (Fr.) Quél. and P. sajor-caju (Fr.) Singer in pepton medium, but it was not detected in media with other investigated nitrogen organic sources (corn-step liquor, malt extract and ammonium tartrate).
According to Giardinia et al. (2000) , P. ostreatus produces two MnP isoenzymes when grown in solid stationary conditions on poplar sawdust, whereas a lower production of these same enzymes was observed on fir sawdust. Addition of Mn 2+ to poplar culture resulted in a threefold increase in the MnP activity; the same addition to fir culture was able to increase 10fold the MnP production. According to , Mn 2+ ions are a crucial substrate for MnP. This enzyme is a heme glycoprotein that catalyses the oxidation of Mn 2+ to Mn 3+ in the presence of H 2 O 2 . However, Mn 2+ concentration affects the MnP levels; it has been reported Hadar 1993, 1995; Camarero et al. 1996 ) that the addition of Mn 2+ enhances the degradation of lignin during solid-state fermentation of different Pleurotus species, without increasing the MnP levels. On the contrary, the presence of extra Mn 2+ strongly increases the production of MnP during solidstate fermentation on different kinds of wood sawdust (Giardinia et al. 2000) .
In the present study, the activity of VP with manganese-oxidising properties for the focal strains of P. abieticola was found to be high in contrast to the activity of VP with guaiacol-oxidising properties. Versatile peroxidase was first reported in P. eryngii and then in Bjerkandera adusta [(Willd.) P. Karst.] and P. ostreatus (Sarkar et al. 1997; Heinfling et al. 1998a, b; . Versatile peroxidases combine the properties of LiPs and MnPs, conferring the catalytic versatility inferred by their name (Camarero et al. 1999 ). According to Ruiz-Dueñas et al. (2001) , they can oxidise Mn 2+ to Mn 3+ similar to MnPs but can also oxidise non-phenolic compounds in the same manner as LiPs.
These preliminary findings on the white-rot fungus P. abieticola are, however, not sufficient to evaluate its capabilities against root rot caused by H. parviporum. Further studies with a higher number of strains of this species as well as an optimisation of conditions for the measurement of ligninolytic activity are needed. 
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